Abstract: Genetic approaches have proved valuable to the study and conservation of endangered populations, especially for monitoring programs, and there is potential for further developments in this direction by extending analyses to the genomic level. We assembled the genome of the wolverine (Gulo
Introduction
Studies characterizing levels of genetic variation in endangered species have benefitted from technical developments over the last 50 years (e.g., allozymes, restriction fragment length polymorphisms [RFLPs] , microsatellite markers, other DNA-based markers) and from recent state-of-the-art whole genome sequencing (Ellegren 2014) . Accordingly, there has recently been an increasing interest in using large sets of single nucleotide polymorphisms (SNPs) in conservation genetics (Morin et al. 2004; Garvin et al. 2010; Helyar et al. 2011) . If sampled genome-wide, such data offer the possibility to estimate levels and character of genetic variation with high precision (Höglund 2009; Brodersen & Seehausen 2014) . Draft genome assemblies, which form the ideal starting point for conservation genomic studies based on SNP markers, have recently been generated for several species of conservation concern (cf. Li et al. 2010; Prufer et al. 2012; Dobrynin et al. 2015) .
Long-term population monitoring programs form the basis for conservation efforts in many parts of the world (Barea-Azcón et al. 2007 ). Including genetic analyses in such monitoring schemes can provide information on, for example, levels of inbreeding, population structure, and migration rates (Schwartz et al. 2007; Frankham 2010) . Moreover, genetic monitoring based on noninvasive sampling is a useful means for censuses, identification of individuals, and relatedness estimations (Miller et al. 2012; Stronen et al. 2013; Liu et al. 2014) . A typical example is the red-listed wolverine (Gulo gulo), an opportunistic predator and scavenger with a circumpolar species distribution across the Northern hemisphere that occurs at low densities in central to northern Scandinavia. The species has been closely monitored since the millennium (Aronsson & Persson 2017) , and genetic analyses, mainly performed on noninvasively collected samples, constitutes a central part of this ongoing work (Hedmark & Ellegren 2007; Brøseth et al. 2010) .
In large parts of their distribution, the wolverine conflicts with husbandry due to its depredation on domestic sheep (Ovis aries) and semidomestic reindeer (Rangifer tarandus) (Persson et al. 2015) . Consequently, it has been persecuted by humans, which has driven the population close to extinction. In the 1960s, there were probably no more than 100 individuals in Sweden (Haglund 1965) , and only small numbers remained in Norway (Landa & Skogland 1995) . The species became legally protected in Sweden 1969 , southern Norway in 1973 , and northern Norway in 1982 . Since protection, the Scandinavian wolverine population has recovered and expanded in range and size (Aronsson & Persson 2017 ).
There are now about 850 adult individuals (Eklund et al. 2017 ). The species is still legally protected, but damagemitigating lethal control in Sweden is limited, whereas culling is applied extensively to regulate the population in Norway (Gervasi et al. 2015) . A more detailed description of wolverine biology is included in the Supporting Information.
Even though wolverines have a large dispersal capacity ), molecular studies have raised concerns about the genetic status of the Scandinavian population. Microsatellite variability among Scandinavian wolverines is comparatively low; mean H 0 < 0.4 (Walker et al. 2001) . Furthermore, limited intron sequencing indicates low levels of nucleotide diversity (Väli et al. 2008) , and the population is fixed for a single mtDNA haplotype (Ekblom et al. 2014) .
We conducted a genome-wide analysis of wolverine genetic variation and placed our results in the context of genetic monitoring and conservation. We first sequenced and produced a draft assembly of the wolverine genome. We then performed whole-genome resequencing of Scandinavian population samples to estimate levels and character of genome-wide genetic diversity. Finally, we developed an array for SNP genotyping of low-quality samples.
Sample Collection, Library Preparation, and Sequencing
Tissue samples for genome sequencing (1 female from Jämtland County, Sweden) and whole-genome resequencing (10 males from throughout the Scandinavian distribution range) were provided by the Swedish National Veterinary Institute (Supporting Information). High-quality DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen). Additional tissue and scat samples for SNP genotyping were collected in the field as part of a wolverine monitoring program, and were either frozen or kept in silica bead tubes (details in Brøseth et al. [2010] ). The DNA-extraction from scat samples was performed using a Maxwell 16 MDx Instrument (Promega, Madison). Paired-end (library insert size range: 200-500 bp) and mate-pair (3,000-4,500 bp) sequencing for genome assembly was performed on an Illumina HiSeq 2000 instrument in 12 lanes and with read lengths of 100-144 bp.
De Novo Assembly
The genome assembly process is graphically outlined and described in detail in Supporting Information. Briefly, PCR duplicates, Illumina adapter sequences and lowquality regions were trimmed with ConDeTri (Smeds & Künstner 2011) and cutadapt (Martin 2011) . The PhiX, mtDNA sequences, and reads shorter than 39 bp after trimming were discarded. We performed de novo assembly with SOAPdenovo (Luo et al. 2012) , GapCloser (Li et al. 2010) , and SSPACE (Boetzer et al. 2011) . We further assembled putative Y-chromosome sequences by utilizing resequencing reads from the 10 males not mapping to the genome assembly (Supporting Information). We used a k-mer count approach to estimate the total genome size.
Quality Control and Annotation
We assessed the completeness of the genome assembly using CEGMA (Parra et al. 2007 ). Several genome annotation approaches were used in parallel, including synteny mapping to the dog genome, annotation liftovers from the ferret (Mustela putorius furo) genome (Peng et al. 2014 ) using the Kraken package (Zamani et al. 2014) , and evidence-based as well as ab-initio gene predictions using Augustus (Stanke et al. 2006) . Repetitive elements in the genome assembly were identified and masked using RepeatMasker applying the repeat element library of mustelids.
SNP Identification, Genotyping and Population Genomics
We estimated genome-wide levels of genetic diversity in wolverines by whole-genome resequencing of 10 males from throughout the Scandinavian population, each sequenced to 8-11 times coverage. Reads from each resequenced individual were mapped to the genome assembly using bwa (Li & Durbin 2009 ). Variable sites (SNPs and InDels) were called using GATK (McKenna et al. 2010) . Hard filtering was applied to the raw variant calls according to the GATK guidelines. Nucleotide diversity (π ) and Tajima's D were calculated with ANGSD (Korneliussen et al. 2014) , and individual level of heterozygosity for each sample was estimated using VCFtools (Danecek et al. 2011 ). We estimated long-term N e with the observed nucleotide diversity as a proxy for theta in the formula = 4N e μ and assumed a per-generation mutation rate of 10 −8 . We used PLINK (Purcell et al. 2007 ) to calculate linkage disequilibrium (LD) between pairs of SNP markers and NeEstimator (Do et al. 2014; Wang 2016 ) to produce LD-based estimates of current N e . The pairwise sequentially Markovian coalescent (PSMC) method (Li & Durbin 2011) was used for estimation of the long term demographic history (temporal variation in N e ). An average generation time of 6 years (Nilsson 2013) was used in these calculations and the per-generation mutation rate was set to 1 × 10 −8 based on previously published estimates from related species (Cahill et al. 2013; Dobrynin et al. 2015) .
Population Genetics
To validate a fraction of the identified SNPs and conduct population genetic analyses, 384 high-quality and information-rich SNPs (markers with high minor allele frequency [MAF] and a maximum of 1 marker per scaffold) (see Supporting Information for details) were selected for independent genotyping using the Golden Gate assay (Illumina, San Diego, CA). The markers were successfully genotyped in 234 samples originating from throughout the Scandinavian distribution range. After removing noninformative markers and markers suggestive of being sex linked or strongly deviating from Hardy-Weinberg equilibrium, data for 357 SNPs were available. Scat samples for these analyses were collected as part of a standardized genetic monitoring effort (Brøseth et al. 2010) , and tissue samples came from either dead animals sent to the National Veterinary Institute (SVA) or from animals handled in the field. The samples were divided into 4 groups according to geographic origin (northern Scandinavia, middle Scandinavia, southern Scandinavia, and southwestern Norway). Population genetic analyses of the resulting SNP data were performed using PLINK (Purcell et al. 2007 ), GenePop (Raymond & Rousset 1995) , STRUCTURE (Falush et al. 2003) , and BAPS (Corander et al. 2003 ).
Development of SNP-Array for Routine Genotyping of Scat Samples
With the aim of developing a SNP genotyping panel applicable to low-quality DNA samples from scats, we evaluated a PCR-based method for high throughput SNP genotyping using a 96 samples × 96 markers chip (Fluidigm, San Francisco, CA). We selected 96 SNP markers (out of the 384 verified using Illumina Golden Gate) based on a combination of reliable genotypes from the Golden Gate assay, high FLUIDIGM design scores, high MAFs and low levels of linkage between markers. To increase genotyping success, we applied specific target amplification (STA), a highly multiplexed pre-amplification of the SNP regions (Norman & Spong 2015) . A total of 164 noninvasively collected samples were selected for genotyping. The rate of genotyping error was assessed in 102 samples run in duplicates. Sample dropout was defined as a sample with a marker dropout rate >20 %, or a genotyping error rate >3.5 %. For such low-quality samples, no genotype calls were made. Fourteen of the samples came from individuals where tissue samples had already been genotyped using Illumina Golden Gate, thus enabling us to investigate the distribution of different types of genotyping errors in detail (Supporting Information).
Results

Draft Assembly of the Wolverine Genome
We assembled the wolverine genome based on data from 1 female sequenced to 76 X coverage ( Table 1 ). The total genome size was estimated to 2.7 billion base pairs (Gbp). The draft assembly contained 47,417 sequences (contigs and scaffolds) (Fig. 1) representing 2.423 Gbp (2.202 excluding Ns and gaps) and thus covering >85% of the estimated genome size. Given the high depth of sequence coverage, this is likely to represent the vast majority of the genome that can be sequenced with Illumina technology.
Scaffold N50 was 178,272 bp, meaning that 50% of all nucleotides were found in sequence stretches of at least this length. Supporting Information contains a detailed description of the genome assembly.
Genome Annotation
Gene modeling identified 21,856 genes and 176,936 exons, whereas evidence-based prediction gave 26,043 genes and 514,839 exons (Table 1) . The number of genes and exons from ab initio modeling were very similar to the number of genes (21,877) and exons (187, 198) inferred from a lift over of gene annotations from the genome of the closely related ferret. About half (51%) of 248 ultraconserved genes found in most eukaryotes (CEGs, Parra et al. 2007) were completely covered in the assembly, and 90% of these genes were at least partially sequenced.
A large proportion of vertebrate genomes consist of repeat elements. The repeat content of the wolverine draft genome assembly was 829 Mbp, or 34% of the total assembly length ( Table 1) . The most common class of repeat element was long interspersed nuclear elements (LINEs), especially LINE1 (432 Mbp or 18% of the assembly). Repeat regions were masked in all subsequent analyses. All but 1 of 19 previously published microsatellite regions from the wolverine or closely related species (see Supporting Information) could be fully or partially recovered in the genome assembly.
Genomic Variability
Whole-genome resequencing of 10 individuals identi- 168,168 indels). This number of variable sites is very low for a large vertebrate genome, given a sample size of some 10 individuals, and was reflected in an estimated genomewide nucleotide diversity (π ) as low as 0.00051. There was significant variation in individual heterozygosity (h), ranging from 0.00024 to 0.00032 (mean = 0.00028). The discrepancy between the estimates of π and h translates into a strong signal of inbreeding (mean F IS of 0.089). Nucleotide diversity in genic regions was lower than the genome-average, with π = 0.00037 for coding sequence, 0.00032 for 3´-untranslated regions (UTR) and 0.00031 for 5´UTR (Supporting Information). As expected from a population with a small N e , the extent of LD was high. The r 2 decreased to 0.3 at a distance of about 50,000 bp and to 0.2 well above 100,000 bp (Fig. 1c) .
Although the draft genome assembly did not contain sequences from the Y chromosome given that a female was sequenced, resequencing of males followed by assembly of reads not mapping to the reference genome (Supporting Information) allowed the identification of 12 putative Y-chromosome scaffolds, comprising 44,526 bp (Table 1) . No variable positions were identified in these regions among the 10 resequenced males. Neither did we find any sequence variation in mtDNA across the 11 sequenced individuals (Ekblom et al. 2014 ).
Estimates of the Effective Population Size
Long-term N e was estimated to 13,000 individuals. In sharp contrast, current N e was estimated to only 87 individuals based on the extent of LD, an estimate that may be biased due to genetic structure and inbreeding in the population. We observed a long-term decline in N e over the last 300,000 years, from approximately 10,000 to < 500 individuals (Fig. 2) . Genome-wide Tajima's D was close to 0 (mean = 0.037, median = −0.094), which implies no strong genomic signal of a recent population bottleneck.
Population Structure
We found a signal of population structure with a genomewide mean F ST of 0.04 among the 4 resequenced samples from southwestern Norway and the 7 samples from Sweden and northern Norway. To study genetic diversity and structure in a larger set of samples, we selected 384 presumably unlinked SNPs (see Methods and Supporting Information for details) in the genome for genotyping.
MAFs for the SNP markers ranged between 0.015 and 0.50 with a mean of 0.38. Mean observed heterozygosity (0.44, range 0.03-0.61) was very similar to expected heterozygosity (0.45, range 0.03-0.50), resulting in F IS estimates very close to zero (ranging between −0.015 and 0.016; Supporting Information). There was thus a significant discrepancy between estimates of inbreeding levels based on whole-genome data compared to estimates based on data from a selected set of highly variable genetic markers.
The SNP genotyping data also showed evidence for genetic substructure within the Scandinavian wolverine population with a mean F ST value of 0.047 across 4 arbitrarily defined geographical regions (southwestern Norway, southern, middle, and northern Scandinavia). Samples from southwestern Norway was especially distinct from the other geographical regions (F ST value range 0.049-0.074) (Fig. 3 & Supporting Information) , suggesting there were 2 subpopulations within Scandinavia. There were also weak but significant signals of isolationby-distance between individuals, both in the entire data (Mantel test, r S = 0.020, p < 0.001) and within the geographic regions (southwestern Norway, r S = 0.032, p < 0.001; all other regions, r S = 0.011, p < 0.001). Spatial analyses of genetic clustering using STRUCTURE (Fig. 3c) and BAPS (Supporting Information) further corroborated that the samples clustered into 2 genetically distinct subpopulations, 1 mainly composed of samples from southwestern Norway and 1 by all other samples. 
Conservation Biology
southwestern Norway). (b) Multidimensional scaling plot showing genetic similarities among samples (samples 1-3, individuals for which sampling location does not match the genetically defined geographical area to which they cluster). (c) Population structure inferred by Bayesian clustering in STRUCTURE with K of 2 (color of vertical lines, genetic composition of 1 individual; black lines, separate different sampling regions). See Supporting Information for plots with other K levels.
Some samples (denoted 1-3 in Fig. 3 ) clustered with a different population than their location of sampling. This suggests recent dispersal events, either by the sampled individuals themselves or by their close ancestors. Indeed, a striking case was an individual (1 in Fig. 3 ) that was born and first sampled as a juvenile in southwestern Norway and subsequently sampled 500 km to the north.
Development of SNP-Array for Routine Genotyping of Scat Samples
The Illumina GoldenGate SNP genotyping assay had very low success rate for DNA prepared from scat samples (91.6% sample dropout rate; 163 out of 178 samples [Supporting Information]). We therefore evaluated a PCRbased genotyping approach (Fluidigm) by selecting 96 unlinked and reliable markers from the original 384 SNP panel (details in Supporting Information). Aided by a multiplexed pre-amplification step (STA), 95 of 96 SNP markers gave reliable genotypes for 124 of the 164 scat samples tested (sample dropout rate = 24.4%). For samples run in duplicate the mean marker dropout rate was 8.6 % and mean genotyping error rate was 0.4%. The error rate was highly skewed as most samples had no genotyping errors while a few had as much as 3.3% errors (Supporting Information). The rate of marker dropout and genotyping error among samples were highly correlated (r = 0.46, df = 60, p < 0.001). In summary, the PCR-based approach performed significantly better than the GoldenGate assay. All individuals sampled (individual assignment had already been conducted based on microsatellite genotype profiles) had unique multilocus genotypes, with similarities between pairs of samples originating from different individuals having a mean genetic similarity of 0.64 (range 0.48-0.91). Thus, all samples (also those from closely related individuals, see below) could be reliably assigned to an individual based on their SNP genotype, indicating that this marker set would be useful for genetic monitoring. There were some cases of multiple samples collected from the same individual included in the assay. Because of rare genotyping errors, a few such pairs of samples had a genetic similarity of <1, but it was always >0.96 (mean = 0.99) (Fig. 4) .
Conservation Biology
Pedigree relationships had been previously inferred for 19 of the genotyped individuals based on ecological data and multilocus microsatellite genotypes (Hedmark & Ellegren 2007) . Mean genotypic similarity between first-order (0.82) and second-order (0.75) relatives were higher than that of unrelated individuals (Fig. 4) individuals (0.91) across the whole SNP data set (and the only pair with genetic similarity >90%) were a known mother-offspring pair.
Discussion
This study provides a draft sequence of the wolverine genome and offers insight on genome-wide levels of genetic diversity from resequencing of a Scandinavian population sample. Nucleotide diversity was as low as 0.00051 (i.e., approximately 1 variable position per 2,000 bp on average). This is considerably lower than that found in other carnivore populations such as wolf, bear, panda, lion, and amur tiger (Cho et al. 2013; Fan et al. 2016; Hailer et al. 2012) (Fig. 5 & Supporting Information) . Our genome-wide estimate of genetic diversity is in fact among the lowest recorded for natural mammalian populations and in the same range as some species of severe conservation genetic concern including snow leopard (Panthera uncia), Iberian lynx (Lynx pardinus), cheetah (Acinonyx jubatus), and Tasmanian devil (Sarcophilus harrisii) (Cho et al. 2013; Dobrynin et al. 2015; Abascal et al. 2016; Hendricks et al. 2017) . However, comparisons of levels of genetic diversity among species have to be treated with some caution because reported estimates of nucleotide diversity are sensitive to the exact bioinformatics pipeline used for variant detection, especially regarding the levels of quality filtering applied.
Moreover, as we demonstrate herein, inbreeding and population structure can make estimates of individual heterozygosity (which is used as a measure of nucleotide diversity if only a single individual has been sequenced, as in some of the studies cited above) significantly lower than population-level nucleotide diversity (see below).
Low genetic diversity observed in Scandinavian wolverines based on microsatellite markers may be a consequence of recent bottlenecks and founder events ). However, our demographic analyses suggest that N e has been decreasing since the onset of the last glaciation. The decrease seems to have been particularly pronounced during the last 10,000 years with a drop in N e from several thousand to a current estimate of <500 individuals. This result highlights the importance of interpreting current levels of genetic variation in a vulnerable species in the context of its long-term population dynamics. However, the results from such demographic analyses need to be interpreted with caution because they are sensitive to underlying assumptions, for example concerning effects of genetic population structure. The decrease in N e of wolverines must also be put in the perspective of range dynamics. Scandinavia was covered by ice during much of the last glaciation, and refugial wolverine populations in central Europe may have been genetically fragmented with only limited gene flow with the main Eurasian population. Genetic variation may also have been reduced through edge processes during the colonization phase (Zigouris et al. 2013) . Future studies need to establish the genetic relationship between contemporary populations throughout the wolverine distribution to understand the effects of such dynamics. This will also be important from a practical conservation perspective, for example if considering the possibility of genetic rescue actions and genetic supplementation (Ingvarsson 2001; Gompert 2012) .
Individual heterozygosities (0.00024-0.00032) were considerably lower than nucleotide diversity in the population (0.00051), indicative of inbreeding with a mean inbreeding coefficient of 8.9%. An alternative explanation would be population substructuring (i.e., a Wahlund effect) (Peter et al. 2010) . As expected from a small and inbred population, high levels of LD extended over long distances in the wolverine genome. Signatures of inbreeding coupled with the observation of population structure suggest that there are low levels of realized gene flow into Scandinavia from adjacent populations, despite the high dispersal capacity of wolverines (Flagstad et al. Conservation Biology Volume 32, No. 6, 2018 2004). This could have both short-and long-term conservation consequences (Charlesworth & Charlesworth 1987) . A long-term decline in N e may have resulted in an effective purging of deleterious recessives (Fowler & Whitlock 1999) , leaving the population less exposed to inbreeding depression. However, loss of genetic diversity may leave the population vulnerable to novel environmental conditions, for example as a result of climate change (England et al. 2003; Brodersen & Seehausen 2014) . Facilitation of gene flow from eastern populations may thus be an important goal for long-term conservation of the Scandinavian wolverines.
An interesting methodological, and from a practical perspective important, aspect was that although we found clear signatures of inbreeding when analyzing whole-genome resequencing data, these signals were not present when using data from a subsample of 357 highly variable SNP markers. A likely explanation for this discrepancy is that markers selected for a high MAF will provide a biased picture of the character of individual genetic diversity by overestimating the proportion of heterozygous sites compared to a random draw from sites segregating in the population. It should thus not be the lower number of markers in the genotyping panel per se-which actually could be considered not so lowthat generates the discrepancy. A similar bias may apply to the use of microsatellite markers because they are generally hypervariable. An important conclusion from these observations is therefore that inferences made regarding the genetic status of endangered species based only on data from SNP or microsatellite marker sets selected for high variability may need to be treated with caution.
There were close to 1.5 million variable sites in the wolverine genome identified from sequencing of 11 Scandinavian individuals. Several hundred of these variants were verified in a larger set of samples from the same population. A subset of these markers (96) will be applied in a genetic monitoring program aimed to differentiate between individuals based on noninvasive sampling and for estimating local population densities. We found that the panel of SNP markers can be used successfully to discriminate between different individuals based on their multilocus genotype profile. Multiplex pre-amplification together with an integrated microfluidic circuit chip technology led to improved genotyping success of noninvasively collected samples. Compared with a microsatellite genotyping scheme that is currently used , application of SNP methodology will provide improved genotyping quality, a more efficient work flow (both in terms of wet-lab procedures and data handling), and may also enable additional applications such as kinship analyses (Morin et al. 2004; Helyar et al. 2011) . A similar approach has recently been successfully used for genotyping of low-quality samples in wildcats (Nussberger et al. 2014) , wolves (Kraus et al. 2015) , and bears (Norman & Spong 2015) .
In summary, we obtained and annotated a draft sequence of the wolverine genome. Based on this genetic resource we determined genome-wide levels of genetic diversity in the vulnerable Scandinavian wolverine population. Diversity was among the lowest recorded for a natural mammal population. Signatures of inbreeding were seen using the full genomic data but not with an SNP marker panel selected based on a high degree of informativeness. However, this panel proved useful for genetic monitoring based on non-invasive samples, illustrating how genomic approaches can be directly applied in conservation of endangered populations, thus bridging the conservation genomics gap (McMahon et al. 2014; Shafer et al. 2015) . The cost and effort involved in establishing genomic resources for a nonmodel organism is still considerable. For many systems there will be a tradeoff between investing in genomic work versus applied conservation actions. However, the continuous reduction in costs for sequencing and the possibility of using low-budget approaches such as genotyping by sequencing may shift the trade-off toward an increasing use of genomic approaches.
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